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Abstract 
Acetobacter pasteurianus which is widely used for commercial brewing of vinegar can grow well with lactate as an energy 
source. In the utilization processes of lactate in A. pasteurianus, it is first converted to pyruvate, and then converted to final 
product; acetate via acetaldehyde. In the other pathway, pyruvate, formed from lactate is metabolized through the tricarboxylic 
acid (TCA) cycle. The enzymes catalyzing reaction from pyruvate to acetaldehyde had been identified, however, the enzyme 
responsible for the oxidation of lactate to pyruvate in A. pasteurianus have not been identified. In this study, we focused on the 
enzymes involved in the process and aimed at their characterization. This study will contribute to quality improvement of vinegar 
which provides human health with a good effect. A. pasteurianus assimilated D-lactate as well as L-lactate, indicating that the 
enzymes catalyzing the oxidation of D- and L-lactate to pyruvate could be produced in the cell. The presence of the enzyme 
which catalyzes the oxidation of lactate to pyruvate in A. pasteurianus was confirmed by enzymatic assays using dichloropenol-
indophenol as redox dye, phenazine methosulfate as electron acceptor, and lactate as substrate. 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Sustain Society. 
Keywords:Lactate Dehydrogenase; Lactate Metabolism; Acetobacter pasteurianus 
1. Introduction 
Acetobacter pasteurianus is Gram-negative, strictly aerobic bacterium and used for industrial vinegar production. 
The organism shows a unique resistance to ethanol and acetic acid even in highly acidic environments. Acetobacter 
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sp. is capable of getting energy and carbon skeleton from L- and D-lactate. L- and D-Lactate are metabolized to 
pyruvate, acetaldehyde, and acetate by three enzymes, lactate dehydrogenase (LDH), pyruvate decarboxylase (PDC), 
and aldehyde dehydrogenase, respectively (ALD)1. After oxidation of lactate to pyruvate by L- and D-specific 
lactate dehydrogenase2, pyruvate could be decarboxylated to acetaldehyde and ultimately oxidized to acetate. 
Recently, the presence of D-LDH gene in A. pasteurianus 386B was reported3.However, the biochemical 
characterization of L- and D-LDH in A. pasteurianus has never been examined. 
 
 
Fig.1. Proposed lactate metabolism in Acetobacter sp. 
 
In this study, we demonstrated the consumption of L- and D-lactate in culturing A. pasteurianus NBRC3283 and 
the biochemical evidence of L- and D-lactate-oxidizing activity in A. pasteurianus NBRC3283 using the enzyme 
activity assay with DCIP. The location of the L- and D-lactate-oxidizing enzymes in A. pasteurianusNBRC3283 has 
also been studied in this work. 
2. Materials and Methods 
2.1. Materials 
DL-lactate, L-lactate, D-lactate, phenazine methosulfate (PMS), dichlorophenol-indophenol (DCIP) were 
purchased from Wako. All other chemicals were of reagent grade. 
2.2. Bacterial strain, culture media, and seed culture conditions 
A. pasteurianus NBRC3283 was used in this study. YP medium consisted of 5 g of extract yeast, 5 g of 
polypepton and 1 g of MgSO4͌7H2O in 1 litter of distilled water. A. pasteurianus NBRC3283 was first cultivated in 
100 ml YP medium in a 300-ml flask and incubated at 30°Cwith rotary shaking at 100 rpm for 20 h. 
2.3. Growthin the mediumcontaining lactate 
The seed culture was diluted 100-fold with 200 ml YP medium containing 0.5% (v/v) L-lactate or 0.5% (v/v) DL-
lactate in 500-ml flask having baffles and cultivated at 30°C with rotary shaking at 100 rpm. The samples (1 ml) 
were harvested in 1.5-ml tube. Density of each sample was measured at 610 nm. 
2.4. Preparation of cell-free extract and membrane fraction 
The seed culture was diluted 100-fold with 800 ml YP medium containing 0.5% DL-lactate in 2-l flask and 
cultivated at 30°C with shaking 100 rpm for 30 h. The cells of A. pasteurianus NBRC3283 were harvested by 
centrifugation at 15,650×g for 10 min at 4°C, and then resuspended and washed twice with 10 mM potassium 
phosphate buffer (pH 7.0). The cells were resuspended at 1 g of wet cells per 10 ml of 10 mM potassium phosphate 
buffer (pH 7.0). Then, those cells were disrupted by sonication in an ice bath. The disrupted cells were centrifuged at 
15,650×g for 10 min at 4°C, and the supernatant was used as cell-free extract. By centrifuging the cell-free extract at 
100,000×g for 60 min 4°C, the ultra centrifuged supernatant and the membrane fraction were obtained. 
The resulting cell-free extract, ultra centrifuged supernatant and membrane fraction were then used for 
determining the enzyme activity.  
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2.5. Quantitative analysis of L- or D-lactate 
We carried out quantitative analysis of L- or D-lactate using L- or D-lactate dehydrogenase methods as follows. 
L- or D-lactate concentration was detected at 30°C in 1.110 ml of 100mM glycylglycine (pH 10.0) including 450 
mM L-Glutamic acid, 4.8mM β-NAD+, 14 U Glutamic pyruvic transaminase (GPT) and medium sample. The 
reaction was started by addition of 50 U L- or D-lactate dehydrogenase (LDH), and the rate of β-NAD+ reduction 
was determined by measuring the absorbance changes at 340 nm. 
2.6. Enzyme and protein assays 
The DCIP assay was applied to monitor enzyme activity according to the method described [4]. The activity of 
lactate oxidation was detected at 30°C in 0.1ml of enzyme sample mixed with 0.9 ml of 50 mM Tris-HCl (pH 7.5), 
0.2 mM PMS, and 0.2 mM DCIP. The reactions were started by adding 50 mM L- or D-lactate and the rate of DCIP 
reduction was determined by measuring the absorbance change at 600 nm and using an extinction coefficient of 21.3 
mM-1cm-1 at pH 7.5. One unit of enzyme activity equals the amount of enzyme producing 1 μmol DCIP reduced per 
min. 
Protein concentrations were determined by the BCA method, with albumin as the standard5. 
3. Results and Discussion 
3.1. Growth of A. pasteurianus NBRC3283 in the medium supplemented with L- or DL-lactate 
A. peroxydans oxidized L- and D-lactate to pyruvate6. It has been reported that A. pasteurianusoxidized pyruvate 
to acetaldehyde and acetaldehyde to acetate in energy acquisition process [1]. However, the pathway of L- and D-
lactate utilization in strains of A. pasteurianus has not been fully established. To evaluate the consumption of L-and 
D-lactate in A. pasteurianus NBRC3283, the strain was cultured in YP medium containing L- or DL-lactate as 
carbon sources. As shown in Fig.2, in YP medium containing 0.5% L- or 0.5% DL-lactate A. pasteurianus 
NBRC3283 grew well. Since A. pasteurianus NBRC3283 grew well in YP medium containing 0.5% L- or 0.5% DL-
lactate than simple YP medium, the consumption of L- and D-lactate by A. pasteurianus NBRC3283 was studiedby 
monitoring L-and D-lactate concentration in culture medium (Fig. 3). Concentrations of L- and D-lactate were 
significantly decreased in beginning of the exponential growth of A. pasteurianus NBRC3283 and they reached a 
stable concentration after 30 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Growth of A. pasteurianus NBRC3283 in different culture conditions. 
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Fig. 3. Lactate consumption of A. pasteurianus NBRC3283 in different culture conditions. (a) L-lactate, (b)DL-lactate. 
 
 
3.2. Location of the enzymes 
To assess the location of enzymes, we measured enzyme activity of cell fractions prepared by sonication and 
differential centrifugation. As shown in Table 1, high specific activity was observed in the ultra centrifuged 
supernatant of the cell-free extract treated with detergent. All most of the enzymes activities in cell-free extract were 
obtained in the membrane fraction after ultracentrifugation of cell-free extract. Hence, the enzymes in A. 
pasteurianus NBRC3283 responsible for L- and D-lactate-oxidation were identified as membrane-bound enzymes. 
Table 1. Location of L- and D-lactate oxidative activities. 
Enzyme source Activity(Units/mg) 
L-lactate D-lactate 
Cell-free extract 0.60×10-3 0.44×10-3 
Ultracentrifugation supernatant 0.19×10-3 0.21×10-3 
Membrane fraction 1.32×10-3 0.79×10-3 
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3.3. Solubilization of enzymes 
The extraction of enzymes was done by treating cell-free extract with several detergents at the concentration of 
2% (w/v). Two enzymes could be solubilized with different detergents (Table 2). 
Treatment with no detergent was detected low L- and D-lactate-oxidizing enzyme activities (0.19×10-3Units/mg 
and 0.21×10-3 Units/mg). Treatment with Triton X-10 yielded a maximal solubilization of L-lactate-oxidizing 
enzyme specific activities, it was 0.91×10-3(Units/mg). On the other hand, treatment with Triton X-100 yielded a 
maximal solubilization of D-lactate-oxidizing enzyme specific activities, it was 0.73×10-3(Units/mg). In addition, 
subsequent biochemical characterization of the L-lactate-oxidizing enzyme and the D-lactate-oxidizing enzyme in A. 
pasteurianus NBRC3283 would beperformed with X-10 extraction and with X-100 extraction respectively. 
Table 2. Effect of different detergents on solubilization of lactate-oxidizing enzymes. 
Detergent L-lactate-oxidizing enzyme 
(Units/mg) 
D-lactate-oxidizing enzyme 
(Units/mg) 
No detergent 0.19×10-3 0.21×10-3 
Triton  X-10 0.91×10-3 0.60×10-3 
Triton  X-100 0.86×10-3 0.73×10-3 
Tween 20 0.73×10-3 0.48×10-3 
Tween 80 0.72×10-3 0.54×10-3 
4. Conclusion 
In this study, we demonstrated A. pasteurianus NBRC3283 was grown in the medium including L- or DL-lactate. 
Then L- and D-lactate was utilized by A. pasteurianus NBRC3283. The enzymes that catalyzed the oxidization of 
lactate in A. pasteurianusNBRC3283 have been confirmed using enzyme assay with redox dye. L- and D-lactate-
oxidizing enzymes were identified as membrane-bound enzymes. For extraction for L- and D-lactate-oxidizing 
enzymes, two kinds of detergents could be available. L-Lactate-oxidizing enzyme could be extracted with Triton X-
10 and D-lactate-oxidizing enzyme with Triton X-100. 
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